ABSTRACT. Proline accumulates in many organisms in response to abiotic stresses, such as drought and salinity. Reports have discussed the role of proline in relation to osmotic adjustment, even though no clearcut evidence has yet been provided demonstrating this association as a defense mechanism against drought stress in plants. However, it has been indicated that the application of exogenous proline can damage the ultrastructure of chloroplasts and mitochondria. In this study, using transgenic tobacco plants carrying a mutant p5cs gene from Vigna aconitifolia under control of the CaMV 35S promoter, we show that the high levels of endogenous proline accumulated in leaves does not contribute to the osmotic adjustment in plants under water deficit conditions. Additionally, electron microscopic observations of mitochondria and chloroplasts show that the ultrastructure of these organelles was not damaged even in the transgenic plants, with the leaves presenting the highest endogenous proline content in (100 μmol g -1 dry mass). This investigation demonstrates that in tobacco, high levels of endogenous free proline are not associated with osmotic adjustment and that elevated proline content in leaves, even at levels 10 times higher than normal, do not disturb the chloroplast and mitochondria ultrastructure under both irrigated and water deficit conditions. Keywords: p5cs, transgenic, water deficit.
Introduction
Drought is considered one of the most limiting conditions for crop productivity, and water resources for agriculture are increasingly becoming scarce. One of the most well-documented physiological responses to water deficit in plants is the ability of some species to osmotically adjust their cells (CHAVES et al., 2009 ). This adjustment can be achieved by the accumulation of osmolytes, as organic compounds, such as amino acids (e.g., proline), amines (e.g., glycinebetaine and polyamines) and a variety of sugars and sugar alcohols (e.g., mannitol, trehalose and galactinol), decrease the osmotic potential and therefore maintain the cell water potential and turgidity close to the optimum level (VALLIYODAN; NGUYEN, 2006 stresses (SZABADOS; SAVOURÉ, 2010) . The levels of proline vary from species to species and can be 100 times greater under water deficit compared to well-watered conditions (VERBRUGGEN; HERMANS, 2008) . It is suggested that proline acts in membrane and protein protection against the effects of the high concentration of inorganic ions and temperature extremes, in the stabilization of cell structures and detoxification of free radicals (VERBRUGGEN; HERMANS, 2008) and as a way to store carbon, nitrogen and energy (HARE; CRESS, 1997) . Studies also have shown that proline can also alter the activities of antioxidant enzymes (CAMPOS et al., 2011) .
In plants under osmotic stress, proline is predominantly synthesized from glutamate via D1-pyrroline-5-carboxylate (P5C) by two successive reductions that are catalyzed by P5C synthetase (P5CS), the rate-limiting enzyme for the biosynthetic pathway in higher plants, and P5C reductase (P5CR) (VERBRUGGEN; HERMANS, 2008) . Proline accumulation in the leaves of plants exposed to drought stress is not only associated with an increased expression of the p5cs gene but also with the decreased expression of proline dehydrogenase genes (PDH) coding for the enzymes of proline degradation (MILLER et al., 2005) .
Using site-directed mutagenesis, a replacement of the amino acid Phe at position 129 by Ala was made in Vigna aconitifolia P5CS to eliminate the proline feedback inhibition control of the pathway . Transgenic tobacco plants over-expressing the mutated V. aconitifolia gene (VaP5CS129A) accumulated high proline levels, leading to enhanced salt, drought and heat tolerance (HONG et al., 2000; GUBIS et al., 2007; CVIKROVÁ et al., 2012) . Transgenic Carrizo citrange rootstocks expressing the same mutated gene driven by the 35S promoter exhibited an osmotic adjustment and supported longer periods of severe drought stress (MOLINARI et al., 2004) .
Many studies have discussed the role of proline in plant osmoprotection and its application in breeding for water stress tolerance (KISHOR et al., 2005; GUBIS et al., 2007; POUSTINI et al., 2007) SINCLAIR, 2002; ŠPOLJAREVIĆ et al., 2011) . Indeed, it has been reported that exogenous proline application negatively affects chloroplast and mitochondrial ultrastructures (HARE et al., 2001) .
To verify if a high endogenous accumulation of proline allows for an osmotic adjustment during drought stress and disrupts organelle structure in a model plant species, physiological and electron microscopy analyses were carried out in tobacco transgenic plants over-accumulating proline, due to the constitutive expression of a heterologous Δ1-pyrroline-5-carboxylate synthetase gene (VaP5CSF129A), under water deficit conditions. ). The disarmed Agrobacterium tumefaciens strain EHA105 carrying the binary plasmid pBI-P5CSF129A was used for transformation. This plasmid contains in its T-DNA region the β-glucuronidase (uidA) reporter gene under control of theCaMV 35S constitutive promoter, the selectable marker gene nptII under control of the NOS promoter and the Δ1-pyrroline-5-carboxylate synthetase mutant gene from V. aconitifolia (VaP5CS129A), also driven by the CaMV 35S promoter.
Material and methods
The bacterial growth and tobacco transformation were performed according to the protocols described by Brasileiro (1998).After two days of coculture, the explants were transferred to TSM medium containing kanamycin (100 mg L Bacto Agar. The microcuttings were maintained at 27 ± 1ºC with a 16h photoperiod (30 mol m -2 s -1 ) for 6 weeks. The rooted plantlets were transferred to planting trays containing a commercial propagation substrate (Plantmax) with organic matter and vermiculite. After acclimatization, the T0 plantlets were transferred to 4 L plastic pots with substrate (3 parts soil:1 sand:1 manure) and grown under greenhouse conditions. All plants were kept in the greenhouse under the same growing conditions and were irrigated regularly to avoid water deficit until seeding.
Molecular analyses and selection of events
Standard PCR techniques were used to detect the presence of the VaP5CS129A transgene in the leaf samples from regenerated putative transgenic tobacco plantlets. The primers 5'-AGC AAC TCA ACT CTC TCG GA-3' and 5'-CCA CTC TAG ACT TGT CGC CA-3'were used to amplify a 598 bp gene fragment according to Molinari et al. (2004) .
Southern blot analyses were performed to confirm the integration of the VaP5CS129A gene in transgenic plants. The DNA samples (20 µg) were extracted according to Dellaporta et al. (1983) , digested overnight with HindIII, electrophoresed on 0.8% (w/v) agarose gel, transferred onto nylon membranes (Hybond-N1, GE Healthcare, Piscataway, NJ) and fixed through a 2h incubation at 80°C. An XbaI 1.6 kb internal gene fragment was labeled using 32 P d-CTP by random priming and was used as probe. The hybridization and washings were performed at 65ºC and the membranes were exposed to X-ray film for 24h at -70°C before developing.
Two different transformation events (E1 and E2) were selected for water deficit studies based on their capacity in accumulating free proline in the leaves under normal water supply conditions and on their Southern blot profiles. The T0 plants of the two events and the control non-transformed plants were kept in the greenhouse while T1 seeds were germinated on MS medium containing kanamycin (100 mg L -1 ) for selection of antibiotic resistant plantlets.
Water deficit experiment
For the water deficit experiment, 6-week-old homogeneously sized T1 transgenic lines (E1 and E2) and control plants were cultivated under greenhouse conditions in 4 L plastic pots with 3.5 kg substrate (3 parts soil: 1 sand: 1 manure). The plastic pots were fully irrigated and drained, after which, the water was withheld for 12 days. Plants were grown under natural light in the greenhouse (approximately 800-1000 μmol m
PARphotosynthetically active radiation) with a 12h photoperiod and temperature between 25 and 28°C.
The leaf water status was monitored through thermocouple psychrometer chambers (model C-30, Wescor, Inc.) assembled with a datalogger (model CR-7, Campbell Scientific, Inc.). Two leaf discs of approximately 13 mm diameter were collected from the fourth fully expanded leaf and placed in the chambers. After obtaining the total leaf water potential (Ψw), the sensors were immersed in liquid nitrogen for the determination of the osmotic potential (Ψs). The pressure potential was obtained by the difference between the Ψw and Ψs. All components were determined in well-watered conditions and during the period of water withholding.
The photosynthetic rates (mol CO 2 m -2 s -1 ) were determined using a portable photosynthesis system (LI-COR, model LI-6200), with a 0.25 L chamber. The water status measurements were made in the same leaves under both water stressed and irrigated conditions.
Proline content
Leaf and root samples (100 mg) were ground in liquid nitrogen and free proline was extracted with 3% (w/v) sulfosalicylic acid. After centrifugation, the supernatant was used for the determination of the proline content at 520 nm as described by Bates (1973) . The values are expressed in μmol proline g −1 leaf FW. The assays were performed in triplicate for each biological replicate.
Electron microscopy
The leaf samples of event 1 and non-transgenic plants were collected at day 0 and 12 days after withholding water. The samples were fixed in 2.5% glutaraldehyde diluted in phosphate buffer (0.1 M, pH 7.3) and the washed in phosphate buffer and post-fixed in 1% osmium tetroxide also diluted in phosphate buffer. The samples were washed in distilled water and placed on uranyl acetate 0.5% for 2h, after which, the material was dehydrated in an increscent series of acetone (50-100%), transferred to a mixture of acetone and 100% resin Araldite™ (1:1) and left overnight.. After incubation (37°C for 1h), the samples were embedded in the appropriate Araldite™ resin molds and incubated at 60°C for 48h. The cuttings were made with an ultrafine diamond knife microtome Ultracut (Leica™) and sections were examined and photographed in a Philips CM-100™ electron microscope. 
Statistical analysis
The data were analyzed using a completely randomized design with four replicates. The differences among treatments were analyzed by oneway ANOVA, taking p < 0.05 as significant according to Tukey's multiple range test.
Results and discussion

Analysis of the transformation events
To determine the number of T-DNA copies that were inserted into the tobacco genome, a Southern blotting analysis was performed on 4 randomly selected plants that were GUS (data not shown) and PCR positive ( Figure 1B) . The Southern blotting analysis of all plants showed the integration of the transgene into the tobacco genome ( Figure 1A ). The pattern of the hybridization signal and the size of bands indicated that all events were independent. As expected, no hybridization signal was detected in the nontransformed control tobacco plants.
The number of hybridizing bands indicates the number of integration sites in the nuclear genome of transgenic tobacco plants. The E1 event presented only one insertion of the transgene ( Figure 1A , lane 1), whereas E2, E3 and E4 showed two insertions of the transgene in their genomes. A segregation analysis by seed germination in 100 mg L -1 kanamycin confirmed the presence of more than one copy of the transgene in E2, E3 and E4 and a single-copy insertion in E1 (data not shown).
The choice of events for the subsequent analysis was based on preliminary examination of differences in the free proline content in the leaves of transgenic plants under normal water supply conditions.
Proline accumulation in leaves and roots
Confirming data obtained by some authors (KONSTANTINOVA et al., 2002; POSPISILOVA et al., 2011; ZHU et al., 1998) , the insertion of the heterologous p5cs gene into tobacco plants resulted in an increased proline accumulation in leaf tissues. Under irrigated conditions (day 0), E1 and E2 presented similar leaf proline content, with approximately 10-fold higher proline levels than control plants (Figure 2) .
A distinct pattern in leaf proline accumulation in the transgenic plants was observed from the 9 th day of water stress until the end of the experiment, with E1 showing increased levels of proline, whereas E2 presented only a slight increase after 12 days of water deprivation (Figure 2) . Some factors may explain differences in the transgene expression among independent events, including the number and location of transgene insertion, effects of silencing, or even the physiological stage of the tissue (DALAKOURAS et al., 2011) .
The proline content was slightly higher in leaves than in roots in the non-transformed control plants under severe water deficit stress at the end of the stress period (Figure 3) .
Although the proline accumulation in roots differed considerably between the transformation events (165 and 98 μmoles g -1 dry weight for E1 and E2, respectively), both events presented higher values of this aminoacid in roots than in leaves (Figure 3 ). These data are in agreement with published reports that indicate a high proline accumulation in the growing region of maize primary roots at low water potentials as a result of an increased transportation of proline to the root tip (VERSLUES; SHARP, 1999) and that the delivery of proline to the root growing region is critical for the continued growth at low water potentials (SHARMA et al., 2011) . However, Dobrá et al. (2011) The inverse proline content observed in the roots and leaves of the CaMV 35S::VaP5CS129A transgenic events compared to the non-transformed control plants may be due to the differential patterns of gene expression. The CaMV 35S promoter is presumed to be a constitutive promoter, but it contains several domains and subdomains that can confer different developmental and tissue-specific expression patterns in different plants. Benfey et al. (1989) showed that 35S promoter-driven GUS activity was much higher in the root cap. Another possible explanation might be that the proline dehydrogenase genes (PDH), which code for the enzymes responsible for proline degradation, are dissimilarly expressed in different plant organs. Dobrá et al. (2011) reported that the expression of PDH genes drops rapidly both in leaves and roots in early stages of dehydration and is maintained at low levels in severe drought stress in wild-type tobacco plants; however, the relative extent of the downregulation of PDH transcription was more pronounced in the leaves than in the roots. Additionally, the genotypic effects (RAMPINO et al., 2006) , length and severity of the water deficit (SEČENJI et al., 2010) and pleiotropic effects of the insertion of the orthologous mutant VaP5CS129A on the expression of the proline metabolism-related genes cannot be ruled out in explaining the higher proline content in the roots of the transgenic plants.
Plant water status
The photosynthetic and transpiration rates of the transgenic events were superior to those of the non-transformed plants until the sixth day of water withholding, but they did not show higher rates than the control plants after 12 days without irrigation. The stomatal resistance values remained constant in both the transgenic and control plants (approximately 0.7 s.cm-1) until day 9, but increased to approximately 8 s.cm-1 at the end of the water deficit period. These data indicate that water stress limited the diffusion of gases in the transgenic plants as well confirming that neither event E1 nor E2 had a greater tolerance to water stress compared to the control plants ( Figure 4A-C) . In well-watered conditions, the leaves of the transgenic plants showed total water potential very close to that of the control plants. After water withholding, the total and osmotic potentials in the transgenic plants increased slightly until the sixth day without irrigation, however, from the ninth day until the end of the water deficit stress, these two parameters showed a strong decrease.
The high levels of proline accumulated in the transgenic plants (Figure 2 ) did not lead to osmotic potentials lower than the total water potentials ( Figure 5A and B). The decline of the pressure potentials after 9 days of water deficit also indicates the lack of osmotic adjustment in the transgenic events ( Figure 6 ). It has been reported that high levels of proline can be accompanied by an osmotic adjustment (ASHRAF; FOOLAD, 2007; DELAUNEY; VERMA, 1993; KISHOR et al., 1995; MOLINARI et al., 2004) . Compared to the work of Molinari et al. (2004) , which demonstrated that Carrizo citrange transgenic plants accumulating approximately 250 μmol g -1 proline were able to adjust osmotically and maintain turgor under osmotic stress, the tobacco transgenic events in this study accumulated much less proline in their leaves and roots (approximately 100 and 160 μmol g -1 , respectively). In our study, the levels of proline accumulated by the transgenic plants were not sufficient to allow for an osmotic adjustment.
Other authors have reported that proline accumulation does not lead to drought tolerance (LUTTS et al., 1996; RHODES; HANSON, 1993; RODRIGUEZ et al., 1997) , suggesting that the significance of proline accumulation in osmotic adjustment is much less than expected and can vary according to the species. Gomes et al. (2010) demonstrated that two contrasting ecotypes of coconut palm with equivalent responses to drought presented a low osmotic adjustment despite an expressive accumulation of proline in their leaves under water deficit. Similar findings were reported for calli of Triticum durum genotypes after water stress (LUTTS et al., 2004) and for drought-stressed Phragmites australis (PAGTER et al., 2005) . Additionally, the accumulation of free proline in the leaves of drought-susceptible genotypes of cassava and common beans is considered only as a single indicator of the stress condition (SUNDARESAN; SUDHAKARAN, 2006) .
Mitochondria and chloroplast ultrastructure
The molar concentrations of exogenous proline were shown to have toxic effects on subcellular structures such as mitochondria and chloroplasts (HARE et al., 2001 ). According to these authors, the damage observed in the chloroplasts of plants subjected to the exogenous application of high concentrations of proline is consistent with the hypothesis that the synthesis of proline may contribute to the continued activity of the photosystems, avoiding an overreduction of the photosynthetic electron acceptor pools. To determine whether higher endogenous levels of proline have some toxic effect on the mitochondria and chloroplasts, we carried out a transmission electron microscopy analysis of the leaf tissue of event 1 and non-transformed control plants grown under normal water supply and severe water deficit conditions (12 days of water withholding).
No changes were observed in either mitochondria or chloroplast ultrastructure, indicating that the constitutive levels of endogenous proline in these plants had no toxic effect on these organelles (Figure 7 ). Therefore, the data obtained in this study using VaP5CS129A transgenic plants did not substantiate the damage to mitochondrial cristae and chloroplast thylakoid membranes in Arabidopsis thaliana plants observed by Hare et al. (2001) while exogenously applying proline at concentrations ranging from 5-20 mM.
Other studies also have shown that the external supply of proline has a toxic effect on plant and animal cells (DEUSCHLE et al., 2004; DONALD et al., 2001; NANJO et al., 2003) . In our study, even significantly higher levels of endogenous free proline in the tobacco leaves under water deficit conditions (100 μmol g -1 dry mass, approximately equivalent to 100 mM) were not able to cause such toxic effects in the organelle ultrastructure.
It has been suggested that the hypersensitivity to exogenous proline may be mediated by P5C as a degradation intermediate of proline (HELLMANN et al., 2000) . The inhibition of P5C catabolism led to the toxicity of proline in a yeast mutant deficient in P5C dehydrogenase (P5CDH) (DEUSCHLE et al., 2001) , which was attributed to the P5C-induced production of reactive oxygen. Based on the fact that the external supply of proline induced P5CDH expression at a much more level than PDH expression, the toxicity effects of exogenously applied proline in Arabidopsis thaliana have been credited to the uncoupled induction of the PDH and P5CDHgenes (DEUSCHLE et al., 2001; DEUSCHLE et al., 2004) . Miller et al. (2009) showed that P5C generated from proline oxidation in mitochondria can be transported to the cytosol and then converted back to proline by P5C reductase (P5CR), thus helping to maintain the intracellular proline:P5C ratio. A high level of exogenously supplied proline increases the Proline-P5C cycle in the plant cell, causing an overflow of electrons into the generation of ROS (MILLER et al., 2009) . In this work, the apparent lack of proline toxicity to chloroplasts and mitochondria observed in the high-producing proline transformation event (Event 1) suggests that the plants were able to maintain cellular homeostasis. Further studies will be required to assess if the high endogenous over-production of this amino acid, different from externally supplied proline, causes a lesser imbalance between proline biosynthesis and catabolism, resulting in minor underlying consequences.
Thus, we have demonstrated that the increased endogenous proline concentrations were not able to provide an osmotic adjustment in transgenic tobacco plants constitutively expressing the mutant gene VaP5CS129A subjected to drought stress. We have also shown that very high levels of endogenous proline in tobacco plants under both normal irrigated and severe water deficit conditions did not cause any visible damage on the chloroplast and mitochondria ultrastructure.
Conclusion
The main conclusion of this research comes from the finding that high proline production induced by water deficit in transgenic tobacco plants had no relation with osmotic adjustment, based in physiological parameters as total and osmotic potentials that showed strong decrease at the end of water stress.
We can also conclude that high proline accumulation in leaves induced by water stress did not cause morphological disturbances in chloroplast and mitochondria ultrastructure.
